ABSTRACT We evaluated the potential management of oriental beetle, Anomala orientalis (Waterhouse), in cranberry by disruption of communication between the sexes through application of the female sex pheromone deployed from wax disks in 2003 and 2004. Mean weekly catch of males in pheromone traps on each untreated bog minus that on each pheromone-treated bog was signiÞcantly greater than zero throughout the male ßight period for both years of the experiment. Captures of males in traps placed on the edge of pheromone-treated bogs were intermediate between those on control and treated sites; thus, disruption may be limited a short distance from pheromone-treated plots, and treatment of surrounding areas that harbor beetles may be necessary. We deployed a limited number of tethered virgin females in the Þeld for two nights in 2003; when returned to the laboratory, only females on control sites laid fertile eggs. In 2004, we assessed whether delayed mating occurred in the Þeld by deploying tethered females within soil-Þlled pots and estimated mating rates over Þve nights by the presence or absence of fertile eggs within soil samples. Only one female among the treated sites laid fertile eggs, whereas the cumulative percentage of females laying fertile eggs in control sites rose steadily over Þve nights to 96%. The results of this study suggest the strong potential of mating disruption of oriental beetle in cranberry using retrievable, high-dose, point-source dispensers of pheromone.
Þrst pesticide available for use against soil insects in cranberry since the ban on the organochlorine insecticides dieldrin and aldrin in the 1970sÑ has only been registered since 2003, and its efÞcacy in the Þeld remains unknown. Imidacloprid is expensive, and its relative ineffectiveness against second-and third-instar larvae, at least in turf (Potter 1998 , Koppenhö fer et al. 2002 , means that it must be applied prophylactically to large areas (before damage is evident). Imidacloprid also impairs the foraging and oviposition behavior of Tiphia vernalis Rohwer (Hymenoptera: Tiphiidae) (Rogers and Potter 2003) , a natural enemy of oriental beetle and Japanese beetle. Moreover, because many cranberry bogs are in close association with natural watercourses and residential areas, it is important to develop alternative management strategies that reduce insecticide use.
Recent interest in research on oriental beetle and in pheromone-based management strategies in particular has been generated by the identiÞcation of the major components of the female sex pheromone of this species (Leal 1993 , Leal et al. 1994 . Management of oriental beetle by mating disruption shows promise in ornamentals (Polavarapu et al. 2002) , blueberry (Polavarapu et al. 2002 , Sciarappa et al. 2005 , and turf (Koppenhö fer et al. 2005) . Polavarapu et al. (2002) and Koppenhö fer et al. (2005) used a sprayable microencapsulated formulation, which (1) showed diminishing efÞcacy over time, and (2) being a ketone, is restricted from wide scale use on food crops (Weatherston and Minks 1995) . Both of these limitations can potentially be overcome by using an alternative formulation for application of the pheromone; ketone pheromones are exempt from restrictions if deployed through retrievable (point-source) dispensers (Weatherston and Minks 1995) , which might maintain more constant release rates over long periods compared with microdispersible formulations (Sanders 1997) .
The efÞcacy of mating disruption is typically evaluated in part by measuring mating rates of virgin females deployed in the Þeld for one night; however, the value of such an assay is limited when females live for more than one night. Ideally mating disruption prevents mating, but inhibiting the orientation ability of males might only result in a delay of mating for some females, in part because some males may Þnd females by chance, if given enough time. Although numerous laboratory studies have evaluated the impact of delayed mating on female reproductive output in insect pests (a strong decline in reproductive output with increased age at mating should make mating disruption effective even if delayed mating occurs; see Wenninger 2005) , studies into delayed mating in the Þeld are scarce (but see Knight 1997) . This is unfortunate because whether pheromone treatment prevents mating or merely delays it may have major implications regarding the ultimate potential for success in incorporating mating disruption into a management plan.
Another possible major limitation of mating disruptionÑ especially when the target insect occurs on other vegetation surrounding the treated cropÑis immigration of the pest from outside the pheromonetreated area (Cardé and Minks 1995) . Indeed, oriental beetle is a notorious pest of turf (Vittum et al. 1999) , which is the vegetation typically found in the upland area directly adjacent to cranberry bogs (because it must be ßooded periodically, cranberry is grown in low-lying areas surrounded by a higher "upland"). Grub densities may be four to Þve times higher in the grassy upland area relative to adjacent bogs (Averill and Sylvia 1998) ; therefore, unless disruption extends to the upland, the possibility exists for reinoculation of treated bogs with mated females from surrounding areas.
This study was conducted to evaluate the potential use of sex pheromone for mating disruption of oriental beetle in cranberry using pheromone emitted from retrievable wax disks. We compared trap shutdown on treated versus control sites and measured fertile egg production of females deployed in the Þeld with tethers. Furthermore, because mating disruption efforts may be undermined if beetles from adjacent untreated areas are unaffected, we assessed to what extent male orientation behavior was disrupted in the upland edge of treated bogs. Finally, in the second year of the study, we deployed tethered females in the Þeld and estimated rates of fertile egg laying over several nights to evaluate the potential importance of delayed mating in Þeld plots subjected to pheromone treatment. Mating Disruption. Pheromone on treated bogs was deployed using wax disks. We melted a roughly 500-g block of parafÞn wax in a beaker and added oriental beetle sex pheromone [4.3% by weight; 96:4 blend of (Z)-and (E)-7-tetradecen-2-one; Bedoukian Research, Danbury, CT] and butylated hydroxytoluene (BHT; 8.7% by weight), an antioxidant. Because of the presumed stability of the sex pheromone molecule, we omitted the BHT from disks in 2004. We poured the molten wax mixture into plastic Petri dishes (inside diameter, 47.8 mm; inside height: 7.6 mm) and allowed the wax to cool slightly before placing in a freezer (Ϫ30ЊC). Each disk weighed Ϸ11.5 g and contained Ϸ0.5 g of pheromone (and, in 2003, Ϸ1 g of BHT) . When disks were cool, we popped them out of Petri dishes, drilled a 3.2-mm-diameter hole Ϸ1 cm from the edge of each disk, and attached each disk to a 42-cmlong wire stake using a 10.5-cm plastic cable tie.
Materials and Methods

Study
On 6 July 2003 (9 d after Þrst ßight of males) and on 22 June 2004 (6 d after Þrst ßight of males), we deployed disks throughout all treated bogs such that they were positioned within the top of the cranberry canopy (cranberry grows as a recumbent vine with the canopy 5Ð20 cm above ground level). Disks were applied at a rate of 100/ha in a 10 by 10-m grid pattern, resulting in 50 g (AI)/ha.
On 8 To estimate trap shutdown, we calculated a disruption index (DI): DI ϭ (C Ϫ T)/C ϫ 100, where C ϭ mean number of beetles captured per trap in control plot and T ϭ mean number of beetles captured per trap in treated plot.
On 14 July 2004, we placed additional pheromone traps on the upland edge of treated sites directly adjacent to the bogs (i.e., not Ͼ1Ð2 m from the bog edge). We placed two traps per site, spaced at least 20 m apart and positioned on the downwind edge of the treated bogs. We emptied these traps weekly and counted the number of beetles captured in each trap; we used the mean number of beetles captured per trap per site each week as a single data point.
Collection and Rearing of Beetles for Tethered Virgin Female Assays. We collected third-instar grubs from turf at Norwich Golf Course, Norwich, CT, on 15 May 2003 and from Bay Pointe Country Club golf course, Onset, MA, on 18 May 2004. All grubs were collected into plastic containers with soil and taken back to the laboratory where they were placed individually into lidded, clear plastic cups (30 ml) with prepared soil. The soil mixture was made by mixing two parts screened sand with one part screened peat moss (1.18-mm sieve). We sterilized the soil in an autoclave (123ЊC, 1 kg/cm 2 for 60 min), allowed it to cool, and added sterilized, deionized water to moisten the mixture to Ϸ12% water by weight. Approxiamtely 0.5 g of grass seed (Pennington mix comprised of 63% shining star perennial ryegrass, 15% boreal red fescue, 9% kenblue Kentucky bluegrass, 9% blue bonnet Kentucky bluegrass, 2% inert matter, 1.9% other crop seed, and 0.1% weed seeds) was placed on top of the soil in each cup to provide food for the grubs. We placed cups on 30-cup capacity clear plastic trays and placed each tray into a clear 9.46-liter plastic, resealable bag with a damp sponge to reduce moisture loss from cups. Grubs were held in a rearing chamber on a 16:8 L:D cycle at 10ЊC to slow development.
About 1 mo before adult beetles were needed, we placed trays in a rearing chamber on a 16:8 L:D cycle at 25ЊC; adult eclosion began after Ϸ3Ð 4 wk under these conditions. We checked each cup weekly for pupae and checked pupae daily for adult eclosion to establish adult age. Adults were sexed (based on size of antennal lamellae), and females were held in their rearing cups until needed for deployment in the Þeld.
Tethered Virgin Female Assay 2003. Using a limited supply of females, we made a preliminary attempt to estimate mating rates on treated and control sites by deploying tethered virgin females in the Þeld. We deployed four females per bog on three of the four pairs of sites. We prepared females on the date of deployment by tying a 1-m-long 4-lb-test Þshing line at the junction of the prothorax and abdomen of females 4 Ð7 d of age. On the evening (Ϸ1900 hours) of 19 July 2003, we placed females in the Þeld inside their unlidded 30-ml plastic rearing cups with soil; the rearing cup was buried in the ground, with the rim set ßush with the soil surface, and the tether was tied to a wire stake. Females were placed throughout bogs at least 20 m apart and equidistant from four wax disks. We retrieved females at Ϸ0600 hours on 21 July, thus allowing two evenings for mating to occur. We returned females to the laboratory, cut their tethers, and placed them individually into plastic oviposition cups (height: 13 cm, diameter: 12 cm) with a layer of sterilized soil Ϸ3 cm deep. Oviposition cups were held under a 16:8 L:D cycle, and at 25Ð27ЊC during photophase and 21Ð22ЊC during scotophase and the last 2 h of photophase. One week after transfer to oviposition cups, we sorted through soil and collected any eggs into petri dishes with Þlter paper moistened with sterilized, deionized water. If the female was still alive, we returned her to the oviposition cup with fresh soil and collected any additional eggs Ϸ5 d later. Eggs were held until fertility could be assessed; fertile eggs increase in size, become more spherical, maintain their white color, and just before hatch, the orange-brown mandibles of the developing larva are visible through the chorion (E.J.W., unpublished data). Any female laying fertile eggs was assumed to have mated, whereas females that laid no eggs or only infertile eggs were assumed to have not mated.
Tethered Virgin Female Assay 2004. We modiÞed the tethered virgin female assay to assess the potential importance of delayed mating in the Þeld. We used only females 4 Ð5 d of age and left them in the Þeld for Þve nights, beginning on 23 July; we used 10 Ð12 females for each of the four pairs of sites. We deployed females individually in terra cotta pots (diameter: 10 cm), each lined with a removable, plastic container (volume: 225 ml) Þlled with sterilized soil; we buried the pots in the bog soil, with the rim set ßush with the ground surface. Females were tied to a tether attached to a wire stake (as above), but the stake was positioned within the center of the pot. The tether was kept short enough to restrict females within the conÞnes of the soil in the pot; thus, any mating and subsequent oviposition occurred within the soil provided in the pot. We also modiÞed the tethering technique in 2004. We punctured a hole in the left elytron of each female using a no. 3 insect pin and threaded the Þshing line through the hole and melted a small portion on the end of the line to prevent it from slipping back through the hole. We collected the soil from each pot after two and three nights, replacing pots with new soil each time. After the Þfth night, we retrieved all females from the Þeld, along with the last batch of soil. We sorted through each soil sample and maintained any collected eggs to determine fertility and female mating status, as above. Females mated at 4 Ð 6 d of age in the laboratory, rarely began laying eggs later than 24 h after mating, and variability in the preoviposition period declined sharply with increased age at mating (Wenninger 2005 ; E.J.W., unpublished data); thus, the presence or absence of eggs in soil samples provided a reasonable estimate of when a female mated. However, we caution that the day that a female laid fertile eggs is still merely an estimate of when she mated. After females were returned to the laboratory, we allowed them to lay any eggs in oviposition cups (see above) for 5 d before sorting through soil to look for any eggs. Some mortality (apparently from birds) occurred in the Þeld, especially on control plots; we replaced any missing females the same day they were found to be missing. Data Analysis. To control for unequal variance between treatments (see SE in Tables 1 and 2) , we calculated the difference between the mean number of beetles captured on each control site and those captured on each paired treated site. We then log(Y ϩ 1)-transformed these difference values to achieve normality. To compare pheromone trap captures between traps on the edge of treated bogs versus those on control and on treated sites, we handled the data similarly, except that values were fourth root-transformed for (control Ð edge) captures and square roottransformed for (edgeÐtreated) captures. We tested for normality by Kolmogorov-Smirnov test on the residuals derived from preliminary analyses using untransformed data; transformations were selected after screening a handful of common transformations by testing each for normality. For each week, we separately ran one-sample t-tests to compare the mean difference for a given contrast with zero (␣ ϭ 0.05). All data were analyzed using SAS (version 8.2, SAS Institute 1999).
Results
Mating Disruption 2003.
Mean beetle captures were consistently higher on control sites than on paired treated sites (Table 1) . The difference in pheromone trap captures between bogs treated with oriental beetle sex pheromone and control sites was signiÞcantly greater than zero for all but the last 2 wk of the experiment (Table 1 ). The mean disruption index for all sites across the 10 wk of the study in 2003 was 92.2% and ranged from Ϸ80 Ð99% across sites (Table  3) .
Tethered Virgin Female Assay 2003. Of the 24 virgin females deployed across six of the eight bogs, only three laid fertile eggsÑ one female from each of the three untreated bogs. 
Mating Disruption 2004.
Again, mean beetle captures were consistently higher on control sites than on the paired treated sites after pheromone treatment ( Table 2 ). The difference in pheromone trap captures between pairs of sites was not signiÞcantly different from zero for the Þrst 2 wk of the experiment, before pheromone was applied to the treated sites (Table 2) . One week after treatment, mean capture of beetles in pheromone traps was lower for the pheromonetreated sites, but the difference was not signiÞcant (Table 2) . For the remaining 9 wk of the experiment, the difference in trap captures between pheromonetreated sites and untreated controls was signiÞcantly greater than zero ( Table 2 ). The mean disruption index for all sites across weeks 3Ð12 was 96.8% and ranged from Ϸ93Ð99% across sites (Table 3) .
Beetle captures in pheromone traps placed on the edge of treated bogs were generally intermediate between captures from the adjacent treated bogs and paired control bogs. Mean Ϯ SEM beetle captures on edge traps for each of the last 7 wk of the experiment were 142.6 Ϯ 54.0, 39.8 Ϯ 3.7, 38.3 Ϯ 6.9, 6.0 Ϯ 1.2, 2.3 Ϯ 0.9, 1.3 Ϯ 0.7, and 0.5 Ϯ 0.3. For nearly every week, these means were signiÞcantly lower than captures on paired control sites but signiÞcantly higher than on the adjacent treated bogs (based on difference contrasts).
Comparison of difference contrasts with zero for control versus edge traps for each of 7 wks, respectively: t ϭ 8.9, P ϭ 0.003; t ϭ 6.7, P ϭ 0.007; t ϭ 5.8, P ϭ 0.010; t ϭ 5.9, P ϭ 0.028; t ϭ 4.3, P ϭ 0.145; t ϭ 5.7, P ϭ 0.029; t ϭ 5.7, P ϭ 0.029. Comparison of difference contrasts with zero for treated versus edge traps for each of 7 wk, respectively: t ϭ 5.5, P ϭ 0.012; t ϭ 21.9, P Ͻ 0.001; t ϭ 10.7, P ϭ 0.002; t ϭ 8.6, P ϭ 0.003; t ϭ 6.3, P ϭ 0.024; t ϭ 4.3, P ϭ 0.051; t ϭ 1.7, P ϭ 0.225.
Tethered Virgin Female Assay 2004.
Rates of fertile egg laying were considerably higher for females deployed on pheromone-treated sites than those on control sites (Fig. 1) . After two nights in the Þeld, a mean of 64% of females on control bogs laid fertile eggs. The cumulative portion of females that laid fertile eggs rose steadily, and after Þve nights, nearly 96% of females on control sites laid fertile eggs. In contrast, only one female laid fertile eggs on the pheromone-treated bogs within the Þrst two nights of deployment (Fig. 1) .
Discussion
The results reported here show the strong potential of mating disruption of oriental beetle in cranberry. Captures of male beetles were consistently higher on control sites than on paired treated sites over the course of both years of the experiment. Only in the last 2 wk of male ßight in 2003 were differences in pheromone trap captures not signiÞcant; by this time in the season, the mean number of beetles captured across sites was a small fraction of the season peak. Polavarapu et al. (2002) and Koppenhö fer et al. (2005) found evidence of diminished effectiveness over time for mating disruption of oriental beetle using a sprayable formulation; however, our results suggest that the use of a high-dose, point-source formulation can effectively disrupt mating for the duration of the season. Using a similar point-source formulation, Sciarappa et al. (2005) showed strong trap shutdown of oriental 3.4 Ϯ 0.5 Ñ 1.4 1.9 Ϯ 0.6 Ñ Site 2 was identical in both years, but the remaining sites differed between years. a Calculated for weeks 3Ð12 (i.e., after pheromone treatment was initiated).
Fig. 1.
Cumulative portion of tethered virgin females placed in the Þeld that laid fertile eggs in soil samples. Females were left in the Þeld for Þve nights and taken back to the laboratory where they were allowed to lay eggs if they had not yet done so in the Þeld. Error bars represent SE. beetle in blueberry with no apparent reduction in effectiveness over time. The similarity of results between blueberry and cranberry using different types of retrievable pheromone dispensers suggests promise for the broad potential of mating disruption for this generalist pest. The use of point-source dispensers of pheromone in turf and ornamentals might overcome the longevity problems found with the sprayable formulation. Sciarappa et al. (2005) also showed the possibility for Ͼ95% trap shutdown with nearly an order of magnitude lower (AI) than was used in our study. Although mean capture of males at peak ßight was four to Þve times higher in our study than in Sciarappa et al. (2005) , it would be worth investigating the minimum application rate necessary to effectively disrupt mating in cranberry. Synthetic sex pheromone of oriental beetle is expensive, and application may be labor intensive compared with spraying conventional pesticides; lowering the necessary application rate could have a signiÞcant impact on the overall cost of mating disruption to growers.
Unfortunately, patchiness of larval distributions and the destructive nature of sampling grubs in cranberry beds precluded an assessment of the effects of pheromone treatment on the subsequent generation of beetles within bogs. Nevertheless, laying of fertile eggs by tethered virgin females was markedly reduced in pheromone-treated bogs, indicating that mating was indeed disrupted. Despite the fact that insect pests are generally reproductively mature for multiple nights, most studies of mating disruption deploy tethered females in the Þeld for only one night. Delayed mating might occur if females are deployed for a longer period. Indeed, because female oriental beetles live in the laboratory for roughly 2 wk and show no decline in reproductive output with mating delay until mated at 9 Ð10 d of age (Wenninger 2005) , the possibility exists for females to experience delayed mating on pheromone-treated plots, but still realize high reproductive output. However, our results suggest thatÑ even when deployed in the Þeld over Þve nightsÑthe likelihood of females mating on pheromone-treated plots is small. These results are promising, but it would be worth incorporating more replication in time into future studies to conÞrm whether disruption is maintained for the duration of the season.
In both years of the study, the mean DI among all sites was Ͼ90%, but the DI ranged from Ϸ80 to 99% across sites (Table 3 ). The pair of bogs with 80% DI in 2003 apparently did not exhibit lower disruption because of particularly high population densities, at least based on captures in paired control plots. Rather, this site was comprised of two distant pairs of bogs that may have been poorly matched for infestation level.
Orientation to pheromone sources was inhibited to some extent along the edge of treated sites; thus, our results suggest that disruption of mating might be weaker in upland areas surrounding cranberry bogs. A potential major limitation of mating disruption of oriental beetle is the wide host range of the larvae, which means that treated areas could be reinoculated by gravid females from nearby untreated areas. We did not measure immigration onto bogs, so future work should directly address this issue as well as the merits of extending pheromone treatment to the surrounding upland. The restricted dispersal tendencies of oriental beetle (females generally call, mate, and deposit eggs within a very small radius from their point of emergence from the soil; Facundo et al. 1999) should partially mitigate potential problems with immigration of beetles onto treated plots.
Although concerns regarding potential reinfestation from nearby untreated areas as well as the overall cost of mating disruption remain to be worked out, several aspects of oriental beetle biology contribute to the promise in this species for the success of mating disruption. First, feeding by adults is rare and virtually nonexistent in males (Friend 1929 , Hallock 1933 , likely making the inßuence of pheromones on male behavior more important than in species that spend time foraging (Hasegawa et al. 1993) . Second, because females only call for a few hours in the evening (Facundo et al. 1999 ) and males respond to pheromone 24 h/d , males might be physically and/or sensorially fatigued for long periods with little likelihood of chancing on calling females. Third, most males may be able to mate at most only once per evening (Wenninger 2005) ; thus, the ability of a few males to fertilize a large number of females is probably relatively restricted compared with some species of moths in which males may mate four to Þve times per night (Amoako-Atta and Mills 1977, Unnithan and Paye 1990 , 1991 , Jimé nez-Pé rez and Wang 2004 . Finally, dispersal is limited for both males and females (Facundo et al. 1999) , so the possibility of immigration of males or, worse yet, mated females onto a site undergoing mating disruption treatment will likely be small.
The similarity of our results with other studies in different cropping systems suggests the broad potential of mating disruption for this generalist pest. Reducing the costs associated with use of the sex pheromone of oriental beetle should increase the likelihood that mating disruption will be developed as part of an integrated approach to pest management in cranberry and in other systems.
